Urothelial cell carcinoma (UCC) includes tumours of the transitional epithelium of the renal pelvis, the ureter, proximal urethra, and, predominantly, the urinary bladder. Urothelial cell carcinoma rarely occurs before the age of 40 years and is more common in men than women ([@bib50]). Smoking and occupation are the most clearly established environmental risk factors ([@bib12]). Epigenetic changes such as DNA methylation are thought to play a major role in tumourigenesis through their influence on gene expression and genomic stability. Thus, epigenetic variations may serve as biomarkers of UCC risk ([@bib38]). DNA methylation is dependent on the one-carbon metabolism pathway and consists of the addition of methyl groups (CH~3~) to cytosines in CpG dinucleotides, forming 5-methyl cytosines (5-mC) via DNA methyltransferases ([@bib10]). Ageing and environmental factors associated with the risk of UCC, such as smoking and occupational exposure to carcinogens, are reported to reduce global DNA methylation levels ([@bib14]). DNA hypomethylation can potentially activate oncogenes and cause genetic instability if affecting repetitive genomic DNA elements that may lead to the initiation of carcinogenesis ([@bib6]). Global hypomethylation of DNA from peripheral blood collected years before diagnosis has been associated with the risk of several common cancers when measured with bisulphite sequencing assessment of % 5-mC content or surrogate measures of global DNA methylation ([@bib60]; [@bib11]; [@bib39]). Recently, genome-wide measures of DNA methylation derived from the Illumina HumanMethylation450 assay (Illumina Inc., San Diego, CA, USA) have been prospectively associated with the risk of several cancers, including breast cancer ([@bib49]; [@bib54]) and B-cell lymphoma ([@bib59]). Although the Illumina HumanMethylation450 assay has limited genome coverage, it is fully annotated by genomic function, region, and CpG density, allowing interpretation of the functions of DNA methylation according to CpG location, and not exclusively as the total DNA 5-mC content ([@bib30]).

The few earlier studies that have investigated associations between genome-wide DNA methylation and UCC have used different assessment methods, such as measuring repetitive sequences, predominantly long interspersed nucleotide elements (LINE-1), that act as surrogate markers for the whole genome. These studies ([@bib40]; [@bib38]; [@bib58]; [@bib13]; [@bib29]; [@bib3]; [@bib53]) are heterogeneous in terms of methodology, and all but one ([@bib3]) are retrospective. Findings have been equivocal, with two Chinese studies ([@bib13]; [@bib29]) and an early Spanish hospital-based case--control study ([@bib40]) reporting that global hypomethylation (measured with whole-genome bisulphite sequencing) in blood leukocyte DNA was potentially associated with increased UCC risk. A follow-up investigation of the Spanish case--control study ([@bib53]) reported that both low and high levels of LINE-1 methylation were associated with increased risk. Conversely, an analysis of pooled data from two cohort studies ([@bib3]) suggested that high levels of global DNA methylation (LINE-1) are associated with increased risk of UCC, particularly for male smokers. Although a diverse range of other studies have investigated methylation status at specific CpG sites ([@bib8]; [@bib35]), in terms of environmental exposures ([@bib46]; [@bib45]) and prognosis ([@bib32]; [@bib36]), the relationship between different levels of methylation and risk of UCC, particularly in the context of the global levels of 5-mC across the genome, remains unclear.

Thus, our aim was to build on the limited existing evidence, and investigate prospectively the potential association between genome-wide DNA methylation and the risk of developing UCC using peripheral blood collected from participants in the Melbourne Collaborative Cohort Study (MCCS). Given the complex and diverse nature of UCC, our secondary aims were to investigate associations according to disease subtype, and to assess whether any relationship was modified by sex or lifestyle factors such as smoking and diet.

Materials and methods
=====================

Study sample
------------

Study participants were selected from the MCCS, a prospective cohort study of 41 514 healthy adult volunteers (24 469 women) aged between 27 and 76 years (99.3% aged 40--69) when recruited between 1990 and 1994 ([@bib25]). Peripheral blood was drawn at recruitment (1990--1994) or at subsequent follow-up (2003--2007). These samples were collected as dried blood spots (DBS) on Guthrie cards or as mononuclear cells or as buffy coats. Cases of UCC were identified by record linkage with the Victorian Cancer Registry that receives mandatory notification of all new cancer cases in Victoria, Australia. Incident UCC cases were identified up to 31 December 2012, using ICD-0--3 morphology codes 8120, 8122, 8130, or 8131. Diagnostic pathology reports were reviewed and classified according to the International Classification of Disease (ICD-O-3 WHO classification). Disease subtypes were defined according to behaviour, with invasive UCC including any tumour that had penetrated or invaded the basement membrane. Superficial UCC included papillary transitional/urothelial cell neoplasm of low malignant potential (PUNLMP) or carcinoma *in situ* (CIS) that was completely confined within the epithelium. Cases with uncertain behaviour type, including PUNLMPs (*N*=5), and with a topography code corresponding to vagina (C529), were excluded from the analyses. Subjects with any history of UCC before blood collection were excluded. Controls were individually matched to cases by sex, year of birth, country of birth, DNA source (DBS, mononuclear cells, buffy coats), and DNA collection period (baseline or follow-up). Each control had to have reached the age at diagnosis of their matched case without having developed UCC (incidence density sampling).

Ethics
------

Study participants provided informed consent in accordance with the Declaration of Helsinki. The study was approved by Cancer Council Victoria\'s Human Research Ethics Committee and performed in accordance with the institution\'s ethical guidelines.

DNA extraction and bisulphite conversion
----------------------------------------

The DNA was extracted from lymphocytes and buffy coat specimens, stored at −80 °C, using QIAamp mini spin columns (Qiagen, Hilden, Germany), and from dried blood spots collected onto Guthrie Card Diagnostic Cellulose filter paper (Whatman, Kent, UK) and stored in air-tight containers at room temperature using a previously reported method ([@bib31]). Briefly, 21 blood spots of 3.2 mm diameter were punched from the Guthrie card and lysed in phosphate-buffered saline using TissueLyser (Qiagen). The resulting supernatant was processed using Qiagen mini spin columns according to the manufacturer\'s protocol. The DNA was quantified using the Quant-iT Picogreen dsDNA assay measured on the Qubit Fluorometer (Life Technologies, Grand Island, NY, USA), with a minimum of 0.75 *μ*g DNA considered acceptable for methylation analysis. Bisulphite conversion was performed using EZ DNA Methylation-Gold single-tube kit (Zymo Research, Irvine, CA, USA) according to the manufacturer\'s instructions. Post-conversion quality control was performed using SYBR Green-based quantitative PCR, an in-house assay, designed to determine the success of bisulphite conversion by comparing amplification efficiency of the test sample with unconverted negative high-quality DNA control. Test samples that amplified five or more quantitative cycles earlier than the negative control were assayed on the Infinium HumanMethylation450 BeadChip array. For all case--control pairs, the DNA was extracted at a similar point in time.

DNA methylation assay
---------------------

Samples were processed in batches of 96 samples (8 Infinium HumanMethylation450 BeadChips per batch). In order to minimise potential plate and chip effects, samples from each matched case--control pair were plated to adjacent wells on the same BeadChip, with plate, chip, and position assigned randomly ([@bib26]). The Infinium HumanMethylation450 BeadChip analysis was performed according to the manufacturer\'s instructions. A total of 200 ng of bisulphite converted DNA was whole genome amplified and hybridised onto the BeadChips. The TECAN automated liquid handler (Tecan Group Ltd, Mannedord, Switzerland) was used for the single-base extension and staining steps.

Data processing
---------------

Initial methylation data normalisation was performed in R programming software ([@bib44]) using the *minfi* Bioconductor package ([@bib24]). Subset-quantile within array normalisation was then used to correct the type I/type II probe bias ([@bib37]). Normalisation procedures were performed using the functions *preprocessIllumina* and *preprocessSWAN* in *minfi* ([@bib5]).

Samples were excluded if \>5% CpG sites (CpGs) had a detection *P*-value of \>0.01, regarded as missing values, whereas CpGs were excluded from further analysis if \>20% of samples had missing values. As several technical replicate samples were included as part of quality control procedures, only the sample with the best overall detection *P*-value was kept in the analysis. After initial quality checks, the exclusion of 10 case--control pairs left 439 available for analysis. The DNA was obtained from DBS, mononuclear cells, and buffy coats for 178, 98, and 163 case--control pairs, respectively.

Genome-wide measures of DNA methylation
---------------------------------------

We excluded from the measures of genome-wide DNA methylation CpGs likely to be measured inaccurately, as described by [@bib41]) based on a comparison with measures obtained using whole-genome bisulphite sequencing ([@bib62]). Thus, we excluded probes mapping to multiple genomic locations, probes containing single-nucleotide polymorphisms, and probes from repetitive elements (the latter being tested in a separate analysis as a surrogate measure of global DNA methylation ([@bib11])). We further restricted the analyses to the most reliable probes, defined as those with an intraclass correlation coefficient above 0.3, based on 129 technical replicate pairs from Guthrie cards or lymphocytes included in this and other MCCS nested case--control studies ([@bib19]). Genome-wide DNA methylation measures were computed across reliable CpGs of the Infinium HumanMethylation450 BeadChip ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}).

Statistical analysis
--------------------

Methylation *β*- and M-values were calculated using the library *minfi* in R ([@bib5]). M-values are defined as log2 (*meth*/*unmeth*), where *meth* and *unmeth* are the intensities of the methylated and unmethylated probes, respectively. We defined the genome-wide measure of DNA methylation for each individual as the median M-value across all included CpGs ([@bib18]). As the rank is conserved when converting *β*-values to M-values, our findings have similar interpretation as for the corresponding global *β*-value measure. Methylation *β*-values by patient characteristics are provided in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}. Associations between genome-wide measures of DNA methylation and risk of UCC were assessed by fitting conditional logistic regression models and estimating odds ratios (OR) per s.d. increase of the genome-wide measure. All models were adjusted for other confounding variables (potentially associated with both UCC and methylation levels) such as smoking, socioeconomic status, alcohol consumption, body mass index, time since blood draw, folate intake, and vitamin B12 intake. These variables were defined at the time of blood draw using either baseline or follow-up questionnaires. Missing data (\<0.5% in any of the confounders) were imputed with the median or mode of observed values of the corresponding variable.

Using the annotation file provided by Illumina, CpGs were classified according to their distribution across the genome, that is, their location in CpG islands, shores, shelves, or other, and location with regard to promoter regions ([@bib43]). Promoter regions were defined as loci spanning 1500 bp upstream of transcription start sites, within enhancer-associated regions or within the 5′ untranslated region. Promoter regions were further divided according to their CpG content and ratio, known to influence methylation profile and gene expression ([@bib56]), and analysed according to promoter CpG density (high-CpG promoters (HC), intermediate-CpG promoters (IC), and low-CpG promoters (LC)).

We performed subgroup analyses, stratifying by sex, DNA source, period of blood sample collection, and aggressiveness of the tumour. The effect of time since blood collection (⩽5, 5--10 and, ⩾10 years) on associations with the genome-wide measure of DNA methylation including all CpGs was also assessed. Effect modification by smoking, sex, time since blood collection, and other variables was examined by testing the significance of their interaction with the genome-wide DNA methylation variable. The shape of the relation between DNA methylation and risk of UCC was examined by plotting ORs for quintiles of the more global measure of methylation.

Lastly, given the strong association of smoking with UCC risk and potentially with genome-wide measures of DNA methylation, we conducted sensitivity analyses according to the smoking status variable: first, by using a finer categorisation of smoking status and adding to the models other elements of dose (such as for current smokers less or more than 20 cigarettes per day; for former smokers having quit less or more than 15 years ago; and the age at starting smoking for ever smokers); second, by restricting the analysis to case--control pairs with same smoking status.

All analyses were carried out using R version 3.2.1 (Vienna, Austria).

Results
=======

Altogether, 439 UCC cases were included in the analysis, including 193 (43.9%) invasive and 246 (56.1%) superficial cases. The median follow-up time was 6.3 years, interquartile range (IQR): 3.5 to 10.5 years. The UCC cases were more likely than controls to be current or former smokers at the time of blood collection ([Table 1](#tbl1){ref-type="table"}). Other potential confounders such as alcohol consumption, body mass index, folate and vitamin B12 intake, and socioeconomic status were not significantly associated with the risk of UCC ([Table 1](#tbl1){ref-type="table"}). After the removal of potentially less reliable probes, a total of 196 260 CpGs were included in the analysis. The overall proportions of probes within each genomic region were conserved ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}).

Although our genome-wide measure of DNA methylation based on all CpGs was not associated with the risk of UCC overall ([Table 2](#tbl2){ref-type="table"}), the risk of superficial UCC was significantly decreased for individuals with higher levels of DNA methylation (OR=0.71, 95% CI: 0.54--0.94; *P*=0.02). Lower ORs for superficial disease were consistently observed for genome-wide measures including CpGs of more regulatory regions: OR=0.82, 95% CI: 0.63--1.07 for gene promoters, with OR=0.75, 95% CI: 0.57--0.98 for intermediate CpG density promoters, OR=0.80, 95% CI: 0.63--1.02 for other regulatory gene regions (mostly enhancers), and OR=0.73, 95% CI: 0.56--0.95 for CpG shores, [Table 3](#tbl3){ref-type="table"}. The estimated relative risk of invasive UCC did not follow a linear trend with our genome-wide measure of methylation (OR=1.06; 95% CI: 0.79--1.43; *P*=0.70; [Table 2](#tbl2){ref-type="table"}), but rather intermediate levels of DNA methylation were associated with a significantly lower risk ([Figure 1](#fig1){ref-type="fig"}). On the contrary, genome-wide measures of DNA methylation for CpGs in non-regulatory regions tended to be associated with a decreased risk of invasive UCC, although the observed trends were not significant (non-regulatory regions: OR=0.76, 95% CI: 0.56--1.04; gene bodies: OR=0.82, 95% CI: 0.62--1.10; CpG shelves: OR=0.79, 95% CI: 0.59--1.06; [Table 3](#tbl3){ref-type="table"}). Measures at repetitive elements (filtered by the Naeem procedure) were highly correlated with measures at gene bodies (Spearman\'s *ρ*=0.95) and findings were virtually the same (invasive UCC: OR=0.84, 95% CI: 0.63--1.14; superficial UCC: OR=1.04, 95% CI: 0.80--1.34; data not shown).

The results of the assessment of effect modification by smoking, time between blood collection and cancer diagnosis, and sex are presented in [Table 4](#tbl4){ref-type="table"}. Although smoking did not seem to modify the association between genome-wide DNA methylation and UCC risk overall (*P* for heterogeneity, *P*~het~=0.30), there was a significantly stronger association between our genome-wide measure of DNA methylation and risk of superficial UCC according to smoking status (current smokers: OR=0.47, 95% CI: 0.27--0.83; former smokers: OR=0.65, 95% CI: 0.44--0.94; never smokers: OR=0.99, 95% CI: 0.66--1.47; *P*~het~=0.03). The OR estimates for superficial UCC varied by time since blood collection (*P*~het~=0.07), but there was no consistent trend with time (OR=0.66, 95% CI: 0.44--0.98; OR=1.04, 95% CI: 0.65--1.65; and OR=0.51, 95% CI: 0.28--0.94 for \<5 years, 5--10 years, and ⩾10 years, respectively). We did not find evidence of other interactions with our genome-wide measure of DNA methylation for either invasive or superficial disease; stronger associations were estimated for women (UCC overall: OR=0.66, 95% CI: 0.36--1.22; superficial UCC: OR=0.59, 95% CI: 0.24--0.96), but these were not significantly different to those for men. Because of small numbers, CIs widened considerably when UCC cases were further divided according to tumour aggressiveness ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}).

Sensitivity analyses using a finer categorisation of the smoking variable or restricting the analysis to case--control pairs with the same smoking status did not materially change our results, either for our genome-wide measure of DNA methylation or for the analyses by CpG content and location relative to gene (not shown).

Discussion
==========

Although our genome-wide measure of DNA methylation was not associated with risk of UCC overall, the risk of superficial UCC was significantly decreased for individuals with higher methylation levels (OR=0.71, 95% CI: 0.54--0.94). This association was significant after adjustment for several risk factors including smoking and was stronger for current smokers (OR=0.47, 95% CI: 0.27--0.83) and former smokers (OR=0.65, 95% CI: 0.44--0.94).

Although variable, there was no apparent trend in the association between hypomethylation and the risk of superficial UCC by time since blood draw. This may indicate that hypomethylation plays a causal role in superficial UCC carcinogenesis rather than being a marker of an already present malignancy, or potential circulating cell-free tumour DNA. We observed a lower risk of invasive UCC for individuals with intermediate levels of our genome-wide measure of DNA methylation. Such nonlinear associations are difficult to interpret but have sometimes been reported in the context of cancer risk ([@bib16]; [@bib52]), in particular in a study of LINE-1 methylation and bladder cancer risk ([@bib53]). Although the associations between DNA methylation levels and risk of UCC did not appear to vary substantially by genomic region, there was a trend of decreasing risk of invasive UCC in non-regulatory regions, and a decreasing trend of superficial UCC in regulatory regions.

Comparison with other studies
-----------------------------

Our results are consistent with previous reports from studies investigating different tumour streams using the same methodology (prospective design) and assay (Illumina Infinium HumanMethylation450 BeadChip array) in that genome-wide measures of methylation may be associated with early stages of carcinogenesis ([@bib49]; [@bib59]). It is more difficult to make a direct comparison across the existing literature relating specifically to risk of UCC because of the heterogeneous study designs and measures. Most previous studies on UCC risk have used PCR-based methylation detection at repetitive elements, mainly LINE-1. Our results were similar to findings from a US case--control study of 285 cases and 465 controls ([@bib58]) that reported that lower levels of LINE-1 methylation in peripheral blood were associated with higher risk of UCC, in particular for non-invasive disease (OR=1.94; 95% CI: 1.17--3.22) and for current smokers (OR=2.43; 95% CI: 1.46--4.03). They observed that the risk was higher for females that we also observed, but our estimates were not statistically significant (*P*~het~=0.50 for the risk of UCC overall, and *P*~het~=0.17 for superficial cases). One of the earliest studies on DNA methylation and bladder cancer, a large Spanish hospital-based, case--control study of 775 cases and 397 controls ([@bib40]), also reported that genomic DNA hypomethylation as measured by cytosine methylation (% 5-mC) in leukocyte DNA was associated with an increased risk of bladder cancer. This was consistent with the results from two Chinese case--control studies ([@bib13]; [@bib29]) that reported an increased risk of UCC with lower LINE-1 levels using lymphocyte DNA from 510 cases and 528 controls, and with global hypomethylation measured in BLCA-4 repeat regions using blood leukocyte DNA from 312 cases and 361 controls, respectively. A more recent report from the large Spanish case--control study ([@bib53]) of 952 cases and 892 controls reported a nonlinear association with LINE-1 methylation, suggesting that both low and high levels of global DNA methylation were associated with risk of bladder cancer. Further stratified analyses of LINE-1 methylation levels according to disease aggressiveness (low- and high-grade superficial and muscle invasive bladder cancer) found similar results with no heterogeneity between phenotypes. As far as can be determined, there were no analyses according to disease subtype for the only other prospective study investigating the association between global DNA methylation and risk of bladder cancer ([@bib3]). This combined study measured LINE-1 methylation using prediagnostic blood samples from two cohort studies (Prostate, Lung, Colorectal, and Ovarian cancer screening trial (PLCO) and Alpha-Tocopherol and Beta-carotene prevention study (ATBC)). The pooled analysis of these cohorts ([@bib3]) found that higher levels of global DNA methylation were associated with increased risk of bladder cancer.

Study sample differences need to be taken into account when interpreting conflicting reports from the literature. It should be noted that the study by [@bib3]) comprised two different cohorts: one an all-male Finnish cohort restricted to ever-smokers (ATBC 391 cases/778 controls), and the other a cohort of both sexes including smokers and non-smokers (PLCO 299 cases/676 controls). This may help to explain the reported differences in DNA methylation levels between their two study samples and our results. Variation in DNA methylation levels between populations have been reported elsewhere and may reflect differences in lifestyle factors such as smoking and diet ([@bib13]).

Effect modification by smoking status on the association between DNA methylation levels and risk of UCC has been consistently observed across multiple studies. We observed the strongest effects for risk of superficial UCC for current and former smokers. Similarly, the first published Spanish case--control study ([@bib40]) reported current smokers in the lowest methylation quartile to be at the highest risk of bladder cancer. [@bib3]) also reported in their pooled analysis study that the effect was more pronounced for male smokers (highest *vs* lowest quartile, OR=2.03, 95% CI: 1.52--2.72). In contrast, a Chinese case--control study found that the association between hypomethylation and UCC risk was particularly strong for never smokers (lowest tertile OR=1.91; 95% CI: 1.17--3.13) ([@bib13]).

Interpretation of the findings
------------------------------

Traditionally, global DNA methylation refers to the level of 5-mC content in a sample relative to total cytosine (unmethylated+5-mC) and has been assessed with various techniques over time ([@bib33]; [@bib55]; [@bib23]; [@bib4]; [@bib7]; [@bib21]; [@bib22]). These techniques provide accurate measures of global 5-mC, but are labour intensive and require large amounts of DNA. Given the limitations of these traditional approaches to measuring global 5-mC, several surrogate measures have been developed. The most popular method involves measuring DNA methylation following PCR amplification of repetitive DNA segments, including LINE (long interspersed numerical elements; mainly LINE-1) and SINE (short interspersed numerical elements; mainly Alu) ([@bib61]) that together comprise upwards of 30% of human genomic DNA ([@bib17]). An increasingly popular surrogate measure of global DNA methylation is that calculated using data obtained from genome-wide DNA methylation profiling. This usually represents the mean/average or median DNA methylation value from many thousands, to several million, primarily unique CpG sites throughout the genome. The widely used Illumina Infinium HumanMethylation platform is enriched for gene-associated CpG sites, particularly those surrounding CpG-rich islands ([@bib43]).

There are several important caveats to using any surrogate markers of global 5-mC. Most genomic DNA methylation is found in repetitive elements, such as transposons and endogenous retroviruses ([@bib48]), but commonly used PCR-based repeat measures generally only assess methylation at a subset of desired LINE-1 or Alu elements because of the presence of a range of subfamilies of varying frequency and the large amount of sequence degeneration in each family over time ([@bib34]). Although LINE-1 and Alu sequences account for ∼17% and 11% of the human genome ([@bib34]), representing ∼12% and 25% of all CpG dinucleotides respectively ([@bib47]), only a subset of each can be interrogated by any given technique. Finally, the mechanism of regulation of DNA methylation at different classes of unique and repetitive DNAs vary and, therefore, measuring one 'type\' of methylation site is unlikely to be representative of global methylation levels -- for example, LINE-1 methylation varies in some prostate cancers in the absence of any measurable change in overall genomic methyl-cytosine content ([@bib47]).

Although simplified approaches for global 5-mC DNA methylation estimation are now widely used as surrogates for total genomic DNA methylation, there is uncertainty about their comparability and the extent to which they reflect measurements of total methyl cytosine content of DNA. Numerous studies have tested the relevance of such measures to global 5-mC as measured by HPLC with varying results according to tissue and disease state of interest. The emerging picture is that no surrogate assay can accurately detect biologically important differences in global genomic DNA methylation in all instances, with this needing to be ascertained on a case-by-case basis ([@bib57]; [@bib14]; [@bib15]; [@bib42]), particularly in the context of human malignancy ([@bib11]).

In our study, we used various genome-wide measures of DNA methylation derived from the HM450K assay and did not assess the correlation of our measures with global 5-mC measured, for example, with whole-genome bisulphite sequencing. Because the structure of the HM450K assay is skewed towards genes, we examined various genomic regions separately to obtain more specific genome-wide DNA methylation measures ([@bib43]). Measures including CpGs of more regulatory regions were associated with decreased risk of superficial UCC (in CpG shores: OR=0.73, in promoter regions: OR=0.82, in other regulatory regions: OR=0.80). Measures including CpGs of less regulatory regions, that is, in regions where DNA methylation is thought to help maintain genomic stability ([@bib30]), were associated with a nonsignificant decrease of invasive UCC (CpG shelves: OR=0.79; not regulatory regions: OR=0.76; gene bodies: OR=0.82). We also computed genome-wide measures of DNA methylation at repetitive elements (24 847 CpG sites localising entirely within repetitive DNA sequences of the genome). This genome-wide measure was highly correlated with that measured in gene bodies and similar associations were observed (OR=0.84 for invasive UCC and OR=1.04 for superficial UCC). These gene body and repetitive elements measures, thought to be essential for maintaining genomic stability ([@bib30]), were the closest to what is commonly referred to as 'global DNA methylation\' that we could obtain with the Illumina 450K assay.

Strengths and limitations
-------------------------

One of the major strengths of our study was its prospective design. Using blood samples collected before diagnosis allowed us to examine genome-wide measures of DNA methylation as potential biomarkers of risk. Measures of DNA methylation in retrospective studies may reflect molecular changes due to carcinogenesis, including treatment. An additional strength was the high CpG coverage of the Illumina HumanMethylation450 array that was not available at the time most previous studies were conducted. Our analysis was restricted to the most reliable CpGs, that is, those for which highest correlations with gold-standard methylation measurement methods are observed ([@bib41]), and with highest technical reproducibility ([@bib9]; [@bib19]; [@bib51]). Other selection thresholds (e.g., ICC \>0.5 and ICC \>0.1) for the reliability of the probes included in our analysis did not meaningfully change the OR estimates ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}).

We also had detailed information available on participants\' characteristics collected at blood collection. Our design involved careful matching on age, DNA source, and ethnicity, and adjustment for various potential risk factors for UCC was made. In addition, and importantly, potential batch effects were corrected for by placing matched cases and controls next to each other on the same chip of the assay, with pairs at a random position, resulting in minimal technical bias ([@bib26]).

There were also some limitations of our study, including the heterogeneity of the DNA source, although case--control pairs were matched on DNA source. We tested the feasibility of using these different sources of DNA in epigenetic studies and found them to be highly correlated and suitable for this purpose ([@bib31]). Furthermore, we found no evidence that associations between methylation and risk of UCC differed by DNA source (*P*~het~=0.69). Potential imbalances by imperfect representation of ethnicity when matching for country of birth may also have existed in our design, as we did not have information on ethnicity or genetic ancestry. In the MCCS, virtually all participants were of white European origin, born in Australia, the UK, New Zealand, Italy and Greece, between 1920 and 1955, minimising the possibility of influence by population stratification. In addition, country of birth was not associated with our genome-wide measures of DNA methylation (*P*=0.76, [Supplementary Table 2](#sup1){ref-type="supplementary-material"}).

Blood cell composition has been shown to vary substantially by age and may influence the measured level of DNA methylation, and hence other authors have considered the correction of epigenetic analyses for cell composition content to be warranted ([@bib27]; [@bib28]). In our study, individuals were matched on age at diagnosis, and other factors that may be related to leukocyte composition. We also adjusted the results for smoking status, and age at blood collection, and hence confounding by blood cell composition is unlikely to have occurred with our study design. Although CIs widened after adjustment for cell composition, the point estimates remained very similar ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}), and this may be explained by the points mentioned above as well as by the relatively homogeneous age at baseline in our cohort, age groups for which most cell types seem to display a similar cell composition ([@bib28]). This is further illustrated in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"} that shows that the relationship between age and blood cell composition was virtually identical for cases and controls.

Because of small numbers we had inadequate statistical power to estimate with precision any associations between UCC and methylation for tumours diagnosed close to blood collection (69 invasive and 99 superficial tumours diagnosed \<5 years after blood collection) or by aggressiveness of disease.

Finally, although studies have shown relatively good agreement between HM450K methylation measures and those obtained with more accurate and costly techniques such as whole-genome bisulphite sequencing, this independent validation was not made in our study. It should be noted, however, that we used the Naeem procedure to discard the possibility of systematic errors in the HM450K assay, and that the reliability of the genome-wide measures of DNA methylation defined in our study was high (ICC=0.8) based on a large number of technical replicate pairs ([@bib20]).

Future directions
-----------------

The findings of our study confirm that UCC is not a single disease, but rather a heterogeneous group of 'divergent clinical and pathological phenotypes\' ([@bib38]) and our study points to epigenetic differences between superficial and invasive UCC. Further examination of DNA methylation in the context of detoxification processes, the one-carbon metabolism pathway, and gene--environment interactions may help to elucidate the mechanisms underlying differential DNA methylation between subtypes of disease, and individuals at risk of UCC ([@bib1], [@bib2]). Because of the exploratory nature of our analyses, the translational possibilities of our findings are at present limited by lack of (1) independent validation of our measures by gold-standard methylation measurement with whole-genome bisulphite sequencing, and (2) replication of our results in other studies using a similar design. Our study may, nevertheless, generate more research focussed on region-specific hypomethylation and UCC risk.

Conclusion
==========

Our study identified associations between a genome-wide measure of DNA methylation in peripheral blood collected several years before diagnosis and subsequent risk of superficial UCC. This association was strongest for smokers. For invasive UCC, the risk appeared to be lowest for individuals with intermediate DNA methylation levels. These findings need to be replicated by other studies of similar prospective design, and future investigations should focus on the underlying mechanisms that explain the differences in DNA methylation patterns for disease subtypes.
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###### Characteristics of study participants and estimated ORs and 95% CIs for UCC associated with risk factors

  **Matching variables**                            **Controls** ***N*****=439**   **Cases** ***N*****=439**   
  ------------------------------------------------ ------------------------------ --------------------------- ---------------------------------------------------------
  Age at blood draw                                         Median=65.6                   Median=65.3          
                                                           IQR=60.3--69.2               IQR=60.2--69.6         
  DNA source                                                                                                   
   Dried blood spot                                          178 (41%)                     178 (41%)           
   PBMC                                                       98 (22%)                     98 (22%)            
   Buffy coat                                                163 (37%)                     163 (37%)           
  Sex                                                                                                          
   Male                                                      335 (76%)                     335 (76%)           
  Country of birth                                                                                             
   Aus/NZ/UK                                                 302 (69%)                     302 (69%)           
   Italy                                                      79 (18%)                     79 (18%)            
   Greece                                                     58 (13%)                     58 (13%)            
  **Other risk factors (at blood draw)**            **Controls** ***N*****=439**   **Cases** ***N*****=439**  **Adjusted OR**[a](#t1-fn2){ref-type="fn"} **(95% CI)**
  Smoking                                                                                                      
   Never                                                     185 (42%)                     128 (29%)          Ref.
   Current                                                    56 (13%)                     78 (18%)           2.1 (1.3--3.3)
   Former                                                    198 (45%)                     233 (53%)          1.9 (1.4--2.7)
  Alcohol consumption[b](#t1-fn3){ref-type="fn"}                                                               
   None                                                      102 (23%)                     112 (26%)          Ref.
   Low                                                       273 (62%)                     253 (58%)          0.8 (0.5--1.1)
   Moderate                                                   39 (9%)                       41 (9%)           0.9 (0.5--1.5)
   High                                                       25 (6%)                       33 (7%)           1.0 (0.5--2.8)
  BMI                                                                                                          
   \<25 kg m^−2^                                             135 (30%)                     113 (26%)          Ref.
   25--30 kg m^−2^                                           216 (51%)                     224 (51%)          1.1 (0.8--1.5)
   ⩾30 kg m^−2^                                               88 (19%)                     102 (23%)          1.2 (0.8--1.8)
  SES indicator[c](#t1-fn4){ref-type="fn"}                                                                     
   Quintile 1                                                 61 (14%)                     78 (18%)           Ref.
   Quintile 2                                                 96 (22%)                     96 (22%)           0.9 (0.6--1.3)
   Quintile 3                                                 83 (19%)                     84 (19%)           0.9 (0.5--1.3)
   Quintile 4                                                 92 (21%)                     82 (19%)           0.8 (0.5--1.2)
   Quintile 5                                                107 (24%)                     99 (23%)           0.8 (0.5--1.3)
  Folate intake[d](#t1-fn5){ref-type="fn"}                                                                     
   Quintile 1                                                 85 (19%)                     89 (20%)           Ref.
   Quintile 2                                                 85 (19%)                     91 (21%)           1.2 (0.7--1.9)
   Quintile 3                                                 88 (20%)                     89 (20%)           1.0 (0.6--1.6)
   Quintile 4                                                 84 (19%)                     91 (21%)           1.2 (0.7--2.0)
   Quintile 5                                                 97 (22%)                     79 (18%)           0.9 (0.5--1.6)
  Vitamin B12[d](#t1-fn5){ref-type="fn"}                                                                       
   Quintile 1                                                 89 (20%)                     85 (19%)           Ref.
   Quintile 2                                                 84 (19%)                     92 (21%)           1.1 (0.7--1.7)
   Quintile 3                                                 93 (21%)                     84 (19%)           1.0 (0.6--1.6)
   Quintile 4                                                 78 (18%)                     97 (22%)           1.4 (0.9--2.2)
   Quintile 5                                                 95 (22%)                     81 (18%)           0.9 (0.6--1.5)
  **Clinical variables**                                                           **Cases** ***N*****=439**  **Adjusted OR**[a](#t1-fn2){ref-type="fn"} **(95% CI)**
  Time between blood draw and diagnosis                                                   Median=6.3          Per year increase
                                                                                         IQR=3.5--10.4        1.1 (0.9--1.3)
  Age at diagnosis                                                                        Median=73.3          
                                                                                        IQR=67.1--77.9         
  Tumour invasiveness                                                                                          
   Invasive                                                                                193 (44%)           
   Superficial                                                                             246 (56%)           
  Tumour grade                                                                                                 
   Grade 1                                                                                 108 (25%)           
   Grade 2                                                                                 104 (24%)           
   Grade 3                                                                                 147 (33%)           
   Unknown                                                                                 80 (18%)            

Abbreviations: Aus=Australia; BMI=body mass index; CI=confidence interval; IQR=interquartile range; NZ=New Zealand; OR=odds ratio; PBMC=peripheral blood mononuclear cell; Ref=reference; SES=socioeconomic status; UCC=urothelial cell carcinoma.

Mutually adjusted ORs using a conditional logistic regression model with matching on age, DNA source, sex, and country of birth, and included covariates: smoking, alcohol consumption, body mass index, socioeconomic status, folate and vitamin B12 intakes, and time between blood draw and diagnosis.

Alcohol consumption was defined according to the Australian National Health and Medical Research Council categories as follows: None=0 g per day (males and females); Low=1--39 g per day (males) and 1--19 g per day (females); Moderate=40--59 g per day (males) and 20--39 g per day (females); High=60+ g per day (males) and 40+ g per day (females).

Index of Relative Socioeconomic Disadvantage score from the Socio Economic Indexes for Area defined by the Australian Bureau of Statistics, divided into quintiles (quintile 1 is the most disadvantaged).

Folate and vitamin intakes were computed using the Melbourne Collaborative Cohort Study (MCCS) 121-item Food Frequency Questionnaire.

###### ORs for UCC and genome-wide measure of DNA methylation by disease subtypes and potential modifiers

                                        **OR**[a](#t2-fn2){ref-type="fn"}   **95% CI**   ***P*****-value**   ***P*****-value for heterogeneity**
  ------------------------------------ ----------------------------------- ------------ ------------------- -------------------------------------
  Overall                                             0.88                  0.72--1.06         0.17                            
  Invasiveness                                                                                                                 
   Invasive                                           1.06                  0.79--1.43         0.70                            
   Superficial                                        0.71                  0.54--0.94         0.02                         0.09
  Time since blood draw                                                                                                        
   \<5 Years                                          0.77                  0.54--1.08         0.13                            
   5--10 Years                                        1.10                  0.78--1.57         0.58                            
   \>10 Years                                         0.72                  0.43--1.20         0.20                         0.26
  DNA source                                                                                                                   
   PBMC                                               0.69                  0.42--1.15         0.22                            
   DBS                                                0.93                  0.61--1.42         0.74                            
   Buffy coats                                        0.81                  0.61--1.08         0.16                         0.67
  Blood collection period                                                                                                      
   Baseline (1990--1994)                              0.89                  0.68--1.16         0.38                            
   Follow-up (2003--2007)                             0.78                  0.57--1.07         0.13                         0.29
  Sex                                                                                                                          
   Male                                               0.89                  0.72--1.11         0.31                            
   Female                                             0.66                  0.36--1.22         0.18                         0.50
  Smoking status at blood collection                                                                                           
   Never                                              0.94                  0.71--1.25         0.67                            
   Current                                            0.67                  0.46--0.99         0.04                            
   Former                                             0.92                  0.72--1.17         0.48                         0.27

Abbreviations: CI=confidence interval; DBS=dried blood spot; OR=odds ratio; PBMC=peripheral blood mononuclear cell; UCC=urothelial cell carcinoma.

ORs per s.d. in median M-value were calculated using conditional logistic regression models, with matching on age, sex, ethnicity, type of sample, plate, and chip, and adjusting for smoking status, alcohol intake, body mass index (BMI), time since blood draw, folate intake, vitamin B12 intake, and socioeconomic status.

###### OR for UCC and genome-wide measures of DNA methylation by CpG subgroup and disease subtype

                                 **All cases**   **Invasive cases**   **Superficial cases**                                                 
  -------------------- -------- --------------- -------------------- ----------------------- ------ ------------ ------ ------ ------------ ------
  CpG region                                                                                                                                
  Islands               71 728       0.97            0.81--1.15               0.72            1.04   0.79--1.36   0.77   0.89   0.69--1.15   0.39
  Shores                51 833       0.87            0.73--1.05               0.15            1.02   0.77--1.36   0.86   0.73   0.56--0.95   0.02
  Shelves               14 261       0.94            0.79--1.12               0.50            0.79   0.59--1.06   0.11   1.07   0.84--1.37   0.58
  None                  58 438       0.99            0.83--1.18               0.90            0.83   0.63--1.10   0.20   1.13   0.89--1.43   0.33
  Regulatory regions                                                                                                                        
  Promoters             94 695       0.93            0.77--1.11               0.41            1.04   0.78--1.38   0.79   0.82   0.63--1.07   0.13
  Other regulatory      46 154       0.92            0.78--1.09               0.32            1.02   0.78--1.33   0.88   0.80   0.63--1.02   0.07
  Not regulatory        55 411       0.92            0.77--1.11               0.39            0.76   0.56--1.04   0.08   1.05   0.81--1.35   0.71
  Within promoters                                                                                                                          
  HCP                   51 208       1.01            0.84--1.22               0.90            1.03   0.76--1.39   0.85   0.99   0.76--1.28   0.93
  ICP                   21 983       0.89            0.74--1.08               0.24            1.06   0.79--1.41   0.71   0.75   0.57--0.98   0.03
  LCP                   21 504       0.97            0.82--1.15               0.73            0.84   0.64--1.11   0.22   1.06   0.84--1.35   0.60

Abbreviations: CI=confidence interval; HCP=high-density CpG promoter; ICP=intermediate-density CpG promoter; LCP=low-density CpG promoter; OR=odds ratio; UCC=urothelial cell carcinoma.

ORs per s.d. in median M-value were calculated using conditional logistic regression models, with matching on age, sex, ethnicity, type of sample, plate, and chip, and adjusting for smoking status, alcohol intake, body mass index (BMI), folate intake, vitamin B12 intake, and socioeconomic status.

###### Genome-wide measure of DNA methylation and UCC risk by disease subtype: effect modification by smoking, time since blood collection, and sex

                                        **All cases**   **Invasive cases**   **Superficial cases**                                                 
  ------------------------------------ --------------- -------------------- ----------------------- ------ ------------ ------ ------ ------------ ------
  Smoking status at blood collection                                                                                                               
  Never                                     0.94            0.71--1.25               0.65            0.90   0.59--1.37   0.63   0.99   0.66--1.47   0.95
  Current                                   0.68            0.46--0.99               0.05            1.06   0.61--1.86   0.83   0.47   0.27--0.83   0.01
  Former                                    0.91            0.72--1.17               0.47            1.21   0.85--1.73   0.30   0.65   0.44--0.94   0.02
  Heterogeneity test                      *P*=0.30           *P*=0.51              *P*=0.03                                                        
  Time since blood collection                                                                                                                      
  \<5 Years                                 0.77            0.55--1.09               0.14            1.00   0.64--1.60   0.97   0.66   0.44--0.98   0.04
  5--10 Years                               1.10            0.78--1.57               0.58            0.93   0.59--1.47   0.62   1.04   0.65--1.65   0.89
  \>10 Years                                0.72            0.43--1.20               0.21            1.72   0.87--3.40   0.12   0.51   0.28--0.94   0.03
  Heterogeneity test                      *P*=0.34           *P*=0.22              *P*=0.07                                                        
  Sex                                                                                                                                              
  Male                                      0.89            0.72--1.11               0.31            1.09   0.80--1.50   0.56   0.82   0.62--1.08   0.16
  Female                                    0.66            0.36--1.22               0.18            1.43   0.66--3.09   0.36   0.59   0.24--0.96   0.05
  Heterogeneity test                      *P*=0.50           *P*=0.20              *P*=0.19                                                        

Abbreviations: CI=confidence interval; OR=odds ratio; UCC=urothelial cell carcinoma.

ORs per s.d. in median M-value were calculated using conditional logistic regression models, with matching on age, sex, ethnicity, type of sample, plate, and chip, and adjusting for smoking status, alcohol intake, time since blood draw, body mass index (BMI), folate intake, vitamin B12 intake, and socioeconomic status.

Adjusting for the matching variables, and smoking status and time since blood draw only, because of relatively small numbers of observed cases.

[^1]: These authors contributed equally to this work.
